The clock-regulated RNA-binding protein AtGRP7 (Arabidopsis thaliana glycine-rich RNA-binding protein) influences circadian oscillations of its transcript by negative feedback at the post-transcriptional level. Here we show that site-specific mutation of one conserved arginine to glutamine within the RNA recognition motif impairs binding of recombinant AtGRP7 to its pre-mRNA in vitro. This correlates with the loss of the negative auto-regulation in vivo: in transgenic plants constitutively overexpressing AtGRP7 (AtGRP7-ox), a shift occurs to an alternatively spliced AtGRP7 transcript that decays rapidly, and thus does not accumulate to high levels. In contrast, constitutive ectopic overexpression of the AtGRP7-RQ mutant does not lead to alternative splicing of the endogenous AtGRP7 transcript and concomitant damping of the oscillations. This highlights the importance of AtGRP7 binding to its own transcript for the negative auto-regulatory circuit. Moreover, regulation of AtGRP7 downstream targets also depends on its RNA-binding activity, as AtGRP8 and other targets identified by transcript profiling of wild-type and AtGRP7-ox plants using fluorescent differential display are negatively affected by AtGRP7 but not by AtGRP7-RQ. In mutants impaired in the nonsensemediated decay (NMD) components UPF1 or UPF3, levels of the alternatively spliced AtGRP7 and AtGRP8 transcripts that contain premature termination codons are strongly elevated, implicating UPF1 and UPF3 in the decay of these clock-regulated transcripts.
Introduction
In higher plants, a plethora of processes occur once every 24 h (Hall and McWatters, 2006) . Orchestrated by an endogenous timekeeper, the circadian clock, these physiological and biochemical processes are optimally aligned with the environmental day/night cycle. This endows plants with enhanced fitness and higher performance (Dodd et al., 2005; Green et al., 2002; McClung, 2006) .
It is well established that clock proteins create an autoregulatory feedback loop and generate their 24 h rhythm by interfering with transcription of their genes. The Arabidopsis core clock comprises two Myb-type transcription factors CCA1 and LHY, and the pseudo response regulator TOC1, that cycle in antiphase and reciprocally regulate each other (Alabadi et al., 2001; Schaffer et al., 1998; Wang and Tobin, 1998) . Additional feedback circuits interlock into this basic loop to generate robust oscillations (Locke et al., 2005; Mizuno and Nakamichi, 2005; Salome and McClung, 2005) .
Apart from regulating their own expression, clock proteins transduce rhythmicity to produce overt rhythms. They may accomplish this by direct control of downstream genes or via cascades of oscillating gene products (Brown and Schibler, 1999; Staiger et al., 2006) . In particular, posttranscriptional control mechanisms have been implicated in shaping rhythmic transcript profiles (Edery, 1999; So and Rosbash, 1997) , but only a few RNA-binding proteins have been shown to be under clock control. The Drosophila LARK protein functions in clock output, leading to rhythms in adult eclosion (McNeil et al., 1998) , but has an additional noncircadian role in the organization of the actin cytoskeleton during oogenesis (McNeil et al., 2004) . Mouse LARK has been implicated in regulation of the clock protein mPERIOD1 (Kojima et al., 2007) . It binds to the 3¢ UTR of the mPER1 mRNA in vitro, and causes elevated mPER1 protein levels, presumably by translational regulation. In Chlamydomonas reinhardtii, CHLAMY1 is a heterodimeric RNA-binding protein that binds to UG repeats in the 3¢ UTRs of several mRNAs in vitro and thus mediates translational control, and has been implicated in the control of the phase and period of the clock (Iliev et al., 2006; Zhao et al., 2004) .
In Arabidopsis, AtGRP7 operates within an output pathway from the CCA1-LHY-TOC1 clock (Rudolf et al., 2004) . Both the transcript and the protein, also designated CCR2 (cold-and circadian-regulated), oscillate with a peak in the subjective evening (Carpenter et al., 1994; Heintzen et al., 1994 Heintzen et al., , 1997 . In transgenic plants ectopically overexpressing AtGRP7 under the control of the CaMV 35S promoter, oscillation of endogenous AtGRP7 is strongly depressed, indicating that negative feedback contributes to AtGRP7 rhythmicity (Heintzen et al., 1997) . This auto-regulation occurs at the post-transcriptional level, as the use of a cryptic intronic 5¢ splice site in AtGRP7-ox plants generates a short-lived splice variant (as_AtGRP7) with a premature termination codon (PTC), at the expense of the mRNA (Staiger et al., 2003a) .
AtGRP7 has an N-terminal RNA-binding domain of the RNA recognition motif (RRM) type ( Figure 1a ). This 80-amino-acid domain is composed of a four-stranded antiparallel b-sheet and two a-helices, arranged in the order b1 a1 b2 b3 a2 b4. The b3 and b1 strands harbour the highly conserved RNP1 (ribonucleoprotein consensus sequence) octapeptide and RNP2 hexapeptide, respectively, which comprise hydrophobic and aromatic residues that make contact with the RNA substrate (Maris et al., 2005) . Because recombinant AtGRP7 interacts with its own transcript, alternative splicing and downregulation of the AtGRP7 transcript in response to an elevated protein level may be initiated by AtGRP7 binding to its pre-mRNA (Staiger et al., 2003a) .
It is currently not understood whether the AtGRP7 RNAbinding activity does indeed have a functional role in the feedback loop. Our detailed analysis of a protein variant with a mutated RRM shows that a single point mutation that reduces binding affinity in vitro is sufficient to disrupt the auto-regulatory circuit in vivo, and also interferes with the regulation of downstream targets. Furthermore, we show that the PTC-containing short-lived as_AtGRP7 and as_AtGRP8 transcripts, which are generated in response to an increasing AtGRP7 protein level, are stabilized in mutants with reduced UPF1 or UPF3 levels, suggesting that components of the NMD pathway are involved in their degradation.
Results
Site-specific mutation of the AtGRP7 RNA recognition motif impairs binding activity Binding of AtGRP7 to its pre-mRNA in vitro suggests that this interaction, presumably in concert with other factors, causes alternative splicing and concomitant downregulation of endogenous AtGRP7 upon AtGRP7 overexpression. In this scenario, amino acid exchanges interfering with AtGRP7 binding should affect the negative auto-regulation. We chose to replace arginine (R) 49, the first amino acid in the RNP1 consensus sequence, by glutamine (Q) (Figure 1a ). Based on alignment of AtGRP7 upon the prototype RRMs of human U1A and hnRNP A1, R49 is predicted to lie at the beginning of the b3 strand that forms the RNA-binding platform, and the RQ exchange is expected to impair electrostatic interactions with the RNA (Ding et al., 1999; Jessen et al., 1991; Nagai et al., 1990) .
The AtGRP7 target sites within its intron and 3¢ UTR have been narrowed down by deletion analysis (Staiger et al., 2003a) . Oligoribonucleotides (ORN) overlapping these regions ( Figure 1b) were synthesized as substrates for RNA band shift assays. Indeed, the ORN derived from the 3¢ UTR supported binding of GST-AtGRP7 (Figure 1c) . In competition assays, 250 pmol of unlabelled 7-UTR_WT almost completely abrogated AtGRP7 binding, whereas 500 pmol of 7-UTR_G 4 mut, the corresponding sequence with four guanines exchanged for adenines, influenced binding weakly ( Figure S1a ). The GST-AtGRP7-RQ mutant protein formed only little shifted complex (Figure 1c ). The residual binding activity was competed by the homologous ORN but not by 7-UTR_G 4 mut, indicating that it retains some sequence preference ( Figure S1b ). The K d for GSTAtGRP7-RQ was about seven times higher than for the WT fusion protein (Figure 1d ). This reduced stability of the complex may contribute to the apparent smearing, suggesting partial dissociation during the gel run.
Similarly, the ORN derived from the second half of the intron was sufficient to bind to GST-AtGRP7 (Figure 1e ). Increasing amounts of unlabelled 7-intron_WT reduced complex formation, whereas equal molar excess of the ORN with six guanines exchanged for adenines did not noticeably interfere with complex formation ( Figure S2a ). Binding of GST-AtGRP7-RQ was strongly reduced (Figure 1e ), but was still competed by an excess of unlabelled 7-intron_WT but not 7-intron_G 6 mut ( Figure S2b ). The K d value for the interaction of GST-AtGRP7-RQ with the intron was increased about sixfold relative to the K d for the WT protein (Figure 1f ).
To confirm that the RQ exchange does not interfere with protein folding, circular dichroism spectra were recorded ( Figure S3 ). The band at 208 nm and the shallow minimum around 222 nm indicate the presence of separate a-helical and b-sheet regions consistent with the typical RRM structure. The spectra of AtGRP7 WT and AtGRP7-RQ mutant proteins were almost undistinguishable, strongly suggesting that the reduced affinity of AtGRP7-RQ for RNA is not due to unfavourable secondary structure of the b strand harbouring mutated RNP1. Thus, the R49 mutation severely interferes with binding of recombinant AtGRP7 to both the 3¢ UTR and intron.
Overexpression of the AtGRP7-RQ variant does not cause alternative splicing of endogenous AtGRP7
To test the impact of the RQ mutation on AtGRP7 activity in vivo, the AtGRP7-RQ protein was constitutively overexpressed under the control of the CaMV promoter. Transgenic plants were identified with a total AtGRP7 transcript level similar to that in AtGRP7-ox plants of both the Col and C24 ecotypes (Figure 2a, top ). An immunoblot analysis confirmed that the mutated protein was stably expressed, as total AtGRP7 protein was elevated to a level similar to that in AtGRP7-ox plants (Figure 2b ). However, in contrast to
(e) (f) Figure 1 . Influence of the RNP1 RQ mutation on AtGRP7 binding activity.
(a) AtGRP7 RRM aligned on the N-terminal RRM of U1A and hnRNP A1 (Maris et al., 2005) . The conserved RNP1 and RNP2 and predicted secondary structure elements are indicated. The R49 mutated to Q is highlighted in bold. L, loop.
(b) Sequence of the ORN 7-UTR_WT containing the AtGRP7 binding site within the 3¢ UTR, mutated 7-UTR_G 4 mut with four guanine residues exchanged for adenine (in bold), 7-intron_WT, and mutated ORN 7-intron_G 6 mut with six guanine residues exchanged for adenine (in bold). Numbering is relative to the transcription start site . (c) Labelled 7-UTR_WT was incubated with GST-AtGRP7 (lanes 2 and 3) or GST-AtGRP7-RQ (lanes 4 and 5) and 1 lg (lanes 2 and 4) or 10 lg (lanes 3 and 5) of tRNA. Lane 1, free ORN (f). c, RNA-protein complex.
(d) To compare binding affinities of WT and mutant protein, 50 fmol of labelled 7-UTR_WT were incubated with 0.01, 0.05, 0.1, 0.25, 0.5, 1, 2.5, 5 or 10 lM of GST-AtGRP7 (left, lanes 2-10, respectively) or 0.5, 1, 2, 3, 4, 5, 7.5, 10 or 20 lM of GST-AtGRP7-RQ (middle, lanes 2-10, respectively), in the presence of 1 lg tRNA. Bound and free RNA levels were quantified (right), and K d values were calculated based on three independent experiments as described in Experimental procedures.
(e) Labelled 7-intron_WT was incubated with GST-AtGRP7 (lanes 2 and 3) or GST-AtGRP7-RQ (lanes 4 and 5) and 1 lg (lanes 2 and4) or 10 lg (lanes 3 and 5) of tRNA. Lane 1, free ORN. (f) To compare binding affinities of WT and mutant protein, 50 fmol of labelled 7-intron_WT were incubated with 0.01, 0.05, 0.1, 0.25, 0.5, 1, 2.5, 5 or 10 lM of GSTAtGRP7 (left, lanes 2-10, respectively) or 0.25, 0.5, 1, 2, 3, 4, 5, 7.5 or 10 lM of GST-AtGRP7-RQ (middle, lanes 2-10, respectively), in the presence of 1 lg tRNA. K d values were determined as in (d).
AtGRP7-ox plants, the endogenous AtGRP7 transcript remained at the same level as in WT (Figure 2a , middle). An extended time course assay in plants shifted to constant light (LL) after entrainment under light/dark cycles (LD) showed that, in AtGRP7-RQ-ox plants, oscillations of the endogenous AtGRP7 mRNA were more or less indistinguishable from that in WT (Figure 2c ). Thus, AtGRP7-RQ does not cause a shift in the splice site with concomitant reduction in transcript abundance, as observed in AtGRP7-ox control plants. We infer from this that the weakened interaction of AtGRP7-RQ with its own RNA prevents efficient negative auto-regulation of the AtGRP7 pre-mRNA.
AtGRP7 targets comprise circadianly and non-circadianly regulated transcripts
Targets of AtGRP7 regulation are expected to be affected by constitutive AtGRP7 overexpression. Therefore, transcript profiles from WT and AtGRP7-ox plants were compared by fluorescent differential display (FDD). To exclude non-specific effects as much as possible, we used two growth conditions, namely soil and agar plates. Aerial parts of plants of identical size each were harvested at the subjective circadian maximum of AtGRP7, in the evening, and at the subjective minimum, in the morning, on the first and second day in LL, respectively. Total RNA was reverse-transcribed using fluorescent-labelled 3¢-anchored oligo(dT) primers terminating in A or C, and the cDNAs were subjected to amplification using 140 arbitrary 10-mer primers, each combined with the respective anchor primer. Among approximately 50 000 displayed bands showing a difference under both conditions, 28 showed differences upon re-testing. Analysis by PCR revealed that several transcripts with higher abundance in AtGRP7-ox plants were derived from the transgene. Conversely, several bands with lower abundance in AtGRP7-ox plants corresponded to AtGRP8, which encodes a related RNA-binding protein that is under negative control by AtGRP7 (Heintzen et al., 1997) . Six of the remaining eight fragments showed only a minor difference (not shown). Figure S4 shows the FDD pattern for a band identified in circadian minimum RNA using arbitrary primer A3 (AGT-CAGCCAC). The transcript is strongly expressed in C24 and Col harvested at zt0 (Zeitgeber time), zt6 and zt12, but is reduced in AtGRP7-ox plants of the C24 ecotype (line RS13) and Col ecotype (lines D and G), indicating that an elevated AtGRP7 protein level leads to reduced steady-state mRNA abundance ( Figure 3a ). The AtGER3 transcript, which encodes a circadian-regulated germin-like protein with an evening peak and which was used as a control, is not affected (Figure 3b ). Sequence analysis revealed that the cDNA fragment is derived from At1g45201, covering about 150 amino acids of the last two exons as well as the 3¢ UTR. The deduced ORF encodes a 54 kDa protein with a putative signal peptide for the endomembrane system and three transmembrane domains. Based on its homology to lipase class 3 proteins, it is predicted to have triacylglycerol lipase activity and was designated AtTLL1 (Arabidopsis thaliana triacylglycerol lipase-like). To test its temporal expression pattern, an RNA time course assay was performed using WT and AtGRP7-ox plants shifted to LL after LD entrainment. AtTLL1 mRNA levels were not constant across the day but did not show obvious circadian oscillations (Figure 3b ). The expression in the transgenic plants was consistently reduced compared with WT.
Another transcript identified using primer X5 (CCTTT-CCCTC) was weakly down-regulated in AtGRP7-ox plants. Sequencing revealed homology to the last exon and the 3¢ UTR of At5g19140, which encodes a 25-kDa protein with a predicted chloroplast transit peptide. It harbours a domain with similarity to an Ntn (N-terminal nucleophile aminohydrolase) domain, and is highly homologous to aluminium-induced proteins in Brassica napus, Phaseolus aureus and Gossypium hirsutum. We found that this AtAILP1 (Arabidopsis thaliana aluminium-induced-like protein) transcript undergoes circadian oscillations with a maximum in the middle of the day, and the peak in AtGRP7-ox plants is reduced about twofold compared with WT ( Figure 3c ).
The AtGRP7-RQ mutation impairs AtGRP7 target regulation
To determine whether the reduced RNA-binding activity of AtGRP7-RQ also interfered with regulation of its downstream targets, we compared the levels of the various AtGRP8 splice variants with those in WT and AtGRP7-ox plants. In AtGRP7-RQ-ox plants, the AtGRP8 mRNA and the pre-mRNA were present at levels similar to that in WT, and only a faint band corresponding to the alternatively spliced AtGRP8 (as_AtGRP8) was detected (Figure 4a ). An extended time course assay showed that the oscillation of AtGRP8 in AtGRP7-RQ-ox plants was similar to that in WT, whereas only the as_AtGRP8 RNA was detected in AtGRP7-ox plants, and this oscillated at a reduced level (Figure 4c ). This indicates that mutation of R49 almost completely abrogated the ability of AtGRP7 to influence the choice between the regular and the cryptic 5¢ splice site in the AtGRP8 transcript also, followed by rapid decay of the alternative splice form. Moreover, in AtGRP7-RQ-ox plants, the AtGRP8 protein remained at WT levels, whereas it was strongly reduced in AtGRP7-ox plants (Figure 4b ). In addition, the AtTLL1 level, which was strongly reduced in AtGRP7-ox line G relative to Col WT, was only weakly affected in AtGRP7-RQ-ox line 5 (Figure 5a ). Quantitative real-time PCR of several independent transgenic lines further demonstrated that, in AtGRP7-ox plants, its level was reduced relative to that in WT, whereas it was only weakly affected in AtGRP7-RQ-ox plants (Figure 5b ). For AtAILP1, quantitative real-time PCR confirmed that its peak abundance was strongly reduced in AtGRP7-ox plants but only moderately affected in AtGRP7-RQ-ox plants (Figure 5c ). Taken together, the reduced RNA-binding activity of AtGRP7 caused by the single RQ exchange impairs regulation of its downstream targets AtGRP8, AtTLL1 and AtAILP1. (b) AtGRP7-ox and WT plants were raised under LD conditions and subsequently shifted to LL conditions. Plants were harvested at 4 h intervals starting 4 h after lights on (LL4). Hybridization signals for AtTLL1 were normalized to ACTIN levels. (c) AtGRP7-ox and WT plants were raised under LD conditions and subsequently shifted to LL conditions. Plants were harvested at 3 h intervals starting 5 h before lights on (zt19). Hybridization signals for AtAILP1 were normalized to ACTIN levels.
AtGRP7 binding to AtGRP8
To investigate whether AtGRP7 directly interacts with the AtGRP8 pre-mRNA, we searched for potential AtGRP7 binding sites using sequence homology analysis (Clustal W and Dialign) and secondary structure prediction tools (mfold and RNA-shapes; Morgenstern, 2004; Steffen et al., 2006; Thompson et al., 1994; Zuker, 2003) . Regions displaying similarity to the AtGRP7 intron and 3¢ UTR binding sites were identified in analogous positions within the AtGRP8 transcript. The corresponding regions, as well as mutant variants with defined base exchanges, were synthesized as ORN (Figure 6a ). Strong complex formation was observed between AtGRP7 and 8-UTR_WT, whereas the AtGRP7-RQ mutant formed almost no retarded complex (Figure 6b ). Binding was reduced by unlabelled homologous 8-UTR_WT but not by an ORN carrying six guanine mutations, indicating specific binding ( Figure S5 ). K d measurements revealed a ninefold reduced affinity of AtGRP7-RQ (Figure 6c ). With 8-intron_WT, weaker complex formation was observed (Figure 6d) , which was more strongly competed by the homologous unlabelled ORN than by the 8-intron_G 2 U 2 mut with two guanines and two uracils mutated ( Figure S6a) . Mutation of R49 almost completely eliminated binding to 8-intron_WT (Figure 6e and Figure S6b ). In contrast, no obvious AtGRP7 target sites were identified in silico for AtTLL1 and AtAILP1, suggesting that they could be regulated indirectly by AtGRP7.
Involvement of UPF1 and UPF3 in as_AtGRP7 and as_AtGRP8 decay
The as _ AtGRP7 transcript that is produced as a result of negative auto-regulation has a short half-life. Because it harbours a PTC within the retained first half of the intron, we investigated whether its degradation may involve NMD. In mammals, UPF3 (UP-FRAMESHIFT PROTEIN) is part of the large exon junction complex (EJC) deposited on mRNAs during splicing 20-24 nt upstream of an exon-exon boundary. In an aberrant transcript, the translating ribosomes encounter a stop codon upstream of an EJC. The UPF1 helicase that is recruited by the translation release factors then interacts with the EJC, targeting the mRNA for degradation. The mechanism of NMD and the cis-acting signals involved are not well understood in plants as yet (Kertesz et al., 2006) . A T-DNA mutant in the Arabidopsis UPF3 homologue has been found to accumulate alternative splicing products with PTCs (Hori and Watanabe, 2005) , and several mRNAs containing PTCs are enriched in T-DNA mutants of the Arabidopsis UPF1 homologue (Arciga-Reyes (c) WT C24, AtGRP7-ox (line RS13) and AtGRP7-RQ-ox (line 18) plants entrained under LD conditions were harvested at 3 h intervals after transfer to LL. The AtGRP8 transcript was detected using a gene-specific probe on the blot previously hybridized with AtGRP7 (see Figure 2c) 
(top). Hybridization with ACTIN served as constitutive control (bottom).
et al., 2006). Using RT-PCR followed by hybridization with radiolabelled AtGRP7 cDNA, we found that the level of as_AtGRP7 was elevated weakly in the upf1-4 mutant and very strongly in upf1-5. It was also higher in upf3-1 and upf3-2 mutants than in WT (Figure 7) . Similarly, as_ AtGRP8 steady-state abundance was elevated in both upf1 and upf3 mutants but ACTIN was not affected. Both UPF1 and UPF3 thus participate in the decay of the transcripts that are produced when the level of AtGRP7 protein is high.
Discussion

An RNP1 R49Q mutation impairs AtGRP7 in vitro binding activity
To demonstrate that binding of AtGRP7 to its pre-mRNA is inherent in the negative feedback loop, we aimed to correlate AtGRP7 in vitro binding activity with its activity in vivo. Exchange of a conserved arginine in RNP1 increased the K d value about fivefold for both the 3¢ UTR and intron target sites. The almost identical CD spectra of WT and mutant protein exclude the possibility that the reduced affinity for RNA is due to improper folding.
RNA contacts for the RNP1 arginine were first identified in the crystal structure of the U1A RRM complexed with U1 snRNA (Nagai et al., 1990) . Replacement of R52, the AtGRP7 R49 equivalent, by glutamine abolished binding of the U1A RRM to the U1 stem-loop II, implicating the R52 side chain in salt bridges with the phosphate backbone (Jessen et al., 1991) . Molecular dynamics simulation of the U1A-U1 stemloop II complex revealed that R52 is indeed a crucial residue involved in electrostatic and hydrogen-bonding interactions (Tang and Nilsson, 1999) . Similarly, surface plasmon resonance studies to monitor the kinetics of U1A association with U1 stem-loop II have attributed an initiating role to R52 in the close-range interactions (Law et al., 2005) . Also, in both RRMs of hnRNP A1 and the second RRM of Drosophila SEX-LETHAL, arginines occupying the analogous position to AtGRP7 R49 make important contacts with the respective targets (Ding et al., 1999; Lee et al., 1997) .
Although no structural data are available for plant glycinerich RNA-binding proteins complexed to RNA, the decrease in binding strength upon site-specific mutation of the AtGRP7 RNP1 arginine suggests that the arginine makes important contacts with its targets in this plant RRM protein also. The observation that the residual binding activity of AtGRP7-RQ has the same sequence preference as the WT protein suggests that R49 has a function during complex formation but not for target selection.
Functional relevance of AtGRP7 R49 in vivo
We show here that mutation of the conserved R49 disrupts AtGRP7 activity. The in vivo effect of a single RNP1 arginine mutant was previously analysed for SANSFILLE (SNF), the Drosophila homologue of U1A and U2B¢¢ that harbours two RRMs and binds to both U1 snRNA and U2 snRNA (Stitzinger et al., 1999) . The lethal snf ) phenotype is rescued by expressing an SNF-R49Q mutant protein. Although the RQ mutation of the N-terminal RRM is predicted to eliminate RNA binding, SNF-R49Q still associates with both U1 and U2 snRNAs. Thus, in the otherwise intact SNF protein, the C-terminal RRM can obviously provide other contacts for snRNP assembly, and an essential role for the arginine in vivo was not identified (Stitzinger et al., 1999) . In contrast, the reduced binding activity of AtGRP7 protein upon R49Q mutation directly manifests itself in vivo. We conclude that the arginine makes important contacts with the RNA targets such that the R49Q mutation has a strong effect on the negative auto-regulation and on the regulation of downstream targets in vivo. Single-RRM proteins such as AtGRP7 may thus provide some advantage for simultaneous mutational analysis of binding requirements and in vivo function. It should be noted that the R49Q mutation may have additional consequences that are not revealed by these in vitro binding assays, for example in protein-protein interactions. However, participation of the RNP1 arginine in such an interaction has not been described so far (Maris et al., 2005) .
Impact of the AtGRP7 RNP1 R49Q mutation on target gene regulation
The R49Q mutation also abolishes the influence of AtGRP7 on alternative splicing of AtGRP8 and concomitant downregulation of the AtGRP8 protein. As recombinant AtGRP7 specifically binds to both the AtGRP8 intron and 3¢ UTR in a manner dependent on R49, it is conceivable that AtGRP7 directly binds to the AtGRP8 transcript to depress its abundance at the post-transcriptional level.
Transcript profiling of AtGRP7-ox and WT plants uncovered an additional transcript, AtTLL1, that is negatively regulated by AtGRP7. The deduced amino acid sequence shows homology to class 3 lipases. It harbours the active site of triacylglycerol (TAG) lipases comprising a triad SerAsp/Glu-His and the conserved pentapeptide GXSXG. AtTLL1 shows about 39% sequence identity to an acid Figure 6 . Influence of the RNP1 RQ mutation on AtGRP7 binding to the AtGRP8 intron and 3¢ UTR.
(a) Sequence of the AtGRP8 3¢ UTR and intron ORN and the corresponding mutated 8-UTR_G 6 mut and 8-intron_G 2 U 2 mut with six guanine residues exchanged for adenine or two guanine and two uracil residues exchanged for adenine or cytosine (in bold), respectively. Numbering is relative to the start site of transcription (Staiger, unpublished data) . .25, 0.5, 1, 2.5, 5 or 10 lM of GST-AtGRP7 (left, lanes 2-10, respectively) or GST-AtGRP7-RQ (middle, lanes 2-10, respectively). Bound and free RNA levels were quantified, and K d values were calculated based on the mean of three independent experiments as described in Experimental procedures. (e) To compare binding affinities of WT and mutant protein, 50 fmol of labelled 8-intron_WT ORN were incubated with 0.1, 0.25, 0.5, 1, 2, 3, 4, 5 or 10 lM of GSTAtGRP7 (left, lanes 2-10, respectively) or 1, 2, 3, 4, 5, 7.5, 10 or 20 lM of GST-AtGRP7-RQ (middle, lanes 2-10, respectively). All reactions contain 1 lg tRNA. Bound and free RNA levels were quantified, and K d values were calculated based on the mean of three independent experiments as described in Experimental procedures. Figure 7 . Effect of upf1 and upf3 on steady-state abundance of the alternatively spliced AtGRP7 and AtGRP8 transcripts. RNA from the mutants and Col WT harvested at zt10 was reverse-transcribed. PCR amplification of the as_AtGRP7 and as_AtGRP8 transcripts was performed using specific primers (listed in Table S1 ) and 24 cycles. The gel with the PCR products was blotted and hybridized with AtGRP7 (top) and AtGRP8 (middle) cDNAs. The exponential range was determined by comparing the signal over increasing numbers of cycles. Amplification with ACTIN primers served as a control (bottom).
lipase from castor bean that is associated with the oil body membrane (Eastmond, 2004) , and is a member of a small gene family of unknown function. Lipase-like proteins have also been implicated in pathogen defence responses (Falk et al., 1999; Jakab et al., 2003) . In contrast to AtGRP7 and AtGRP8, no binding of AtGRP7 to the 3¢ UTR of AtTLL1 was demonstrated, and no obvious intronic binding sites were identified in silico (not shown). Thus, AtGRP7 may exert its control on AtTLL1 indirectly by influencing processing of an mRNA coding for a transacting regulator. A second newly described AtGRP7 target transcript, AtAILP1, which shows homology to aluminium-induced transcripts in other plants, undergoes circadian oscillations, and the peak abundance is reduced in AtGRP7-ox but not AtGRP7-RQ ox plants. This transcript is induced by several external stimuli (Zimmermann et al., 2004) . Taken together, these observations implicate AtGRP7 in the regulation of both rhythmic and non-rhythmic transcripts.
In mammals, the circadian-regulated DBP, TEF and HLF transcription factors are prime examples of output mediators that are activated by the core oscillator at the transcriptional level but do not feedback onto clock gene expression (Gachon et al., 2004) . Transcript profiling of triple knockout mice has identified downstream targets with rhythmic as well as constant expression patterns (Gachon et al., 2006) . The identification of an AtGRP7 target transcript showing no obvious circadian oscillation may also be related to an additional function. For example, AtGRP7 has been implicated in ABA and stress signalling, as an atgrp7 mutant accumulated higher levels of the ABAand stress-inducible RD29A transcript (Cao et al., 2006) . We found a reduction of RD29A in AtGRP7-ox but not AtGRP7-RQ-ox plants (data not shown). Notably, RD29A is also regulated by the circadian clock (Dodd et al., 2006; Edwards et al., 2006) .
UPF1 and UPF3 influence as_AtGRP7 and as_AtGRP8 levels
Negative auto-regulation of AtGRP7 involves the generation of as_AtGRP7 with a PTC in the retained part of the intron. To begin to identify components responsible for as_AtGRP7 degradation, we analysed its level in upf1 and upf3 mutants. UPF1 and UPF3 are critical components for NMD in yeast, Drosophila, humans and worms (Chang et al., 2007) . Recently, the Arabidopsis orthologues have been implicated in the degradation of PTC-containing transcripts (Arciga-Reyes et al., 2006; Hori and Watanabe, 2005) . We found that as_AtGRP7 is elevated in the upf1-4 and upf1-5 mutants, indicating that UPF1 is required for its degradation. Notably, the increase was much higher in upf1-5 than in upf1-4, consistent with a more reduced level of UPF1 in upf1-5 (Arciga- Reyes et al., 2006) . UPF3 was identified as another component required for degradation of as_AtGRP7, as the level of as_AtGRP7 was higher in the upf3-1 and upf3-2 mutants compared with WT. Furthermore, as_AtGRP8 is also elevated in each mutant. Recently, alternative branches of the NMD pathway have been shown to occur independently of a particular UPF protein (Chang et al., 2007) . The finding that mutants with reduced levels of either UPF1 or UPF3 have higher levels of as_AtGRP7 and as_AtGRP8 suggest that they indeed may be targeted to the NMD pathway. As NMD depends on translation, NMD targets are enriched by translation inhibition. Consistent with this, we found that cycloheximide stabilizes as_AtGRP7 (Staiger et al., 2003a) and as_AtGRP8 (unpublished observation) in AtGRP7-ox plants, and thus mimics NMD mutants. Furthermore, upon cycloheximide treatment, as_AtGRP7 and as_AtGRP8 did not accumulate in the upf mutants beyond the level in WT (not shown). Interestingly, developmental phenotypes were observed in upf1 and upf3 mutants, and thus NMD components apparently have a widespread role in co-ordinated gene expression during regular development (Arciga-Reyes et al., 2006; Hori and Watanabe, 2005) . In this context, our data suggest a link between post-transcriptional regulation in the circadian clock system and UPF-dependent RNA decay.
In conclusion, our data correlate the importance of the conserved RNP1 arginine for AtGRP7 binding to AtGRP7 and AtGRP8 pre-mRNAs with a crucial role of AtGRP7 in the negative auto-regulatory circuit and the regulation of several downstream targets.
Interestingly, AtGRP7 R49 is a target of a novel virulence strategy deployed by Pseudomonas syringae. The type III effector HopU1 is an ADP-ribosyltransferase that modifies AtGRP7 in a manner dependent on R47 and R49 (Fu et al., 2007) . This suggests that HopU1 may interfere with posttranscriptional processes in the host cell by inhibiting the ability of AtGRP7 to bind RNA and thus quell plant immune responses. Our findings suggest a way to further investigate how this RNA-binding protein controls target transcripts, both as part of a signalling cascade downstream of the circadian oscillator and in processes that are not dependent on clock regulation.
Experimental procedures
Oligonucleotide-directed mutagenesis
The conserved arginine residue in RNP1 was exchanged for glutamine by PCR with Pfu turbo polymerase (Stratagene, http:// www.stratagene.com/) using the overlapping primers RQ for (5¢-ACTGGAAGATCCCAAGATTCGATTCGTCACCTT-3¢) and RQ rev (5¢-AATCGAATCCTTGGGATCTTCCAGTCTCACGATC-3¢). Silent mutations were introduced into neighbouring amino acids, creating a diagnostic StyI restriction site (underlined). The mutation was verified by sequencing.
Recombinant glutathione S-transferase-AtGRP7
Intact RNP1 in the plasmid pGST-AtGRP7 was replaced by RNP1-RQ using flanking restriction sites. WT and mutant fusion proteins were expressed in Escherichia coli BL21 cells and purified as described previously (Staiger et al., 2003a) .
RNA electrophoretic mobility shift assays
Synthetic ORN (Figures 1b and 7a) were obtained from Biomers (http://www.biomers.net), and end-labelled using T4 polynucleotide kinase and c[ 32 P] ATP. Binding assays containing 50 fmol of labelled ORN and 0.5 lg of recombinant GST-AtGRP7 were performed as described previously (Staiger et al., 2003a) . The dried polyacrylamide gels were analysed using a Typhoon 8000 phosphorimager and ImageQuant software (Amersham Pharmacia Biotech, http:// www5.amershambiosciences.com/). For determination of equilibrium dissociation constants (K d ), increasing amounts of protein were incubated with 50 fmol of labelled ORN. Three independent experiments were performed and the results are given as means AE SEM. The log (complexed/free probe) of the mean curve was plotted against the log (protein concentration). The x intercept corresponds to the log (K d ).
Circular dichroism
GST-AtGRP7 and GST-AtGRP7-RQ in pGEX-6P1 (GE Healthcare; http://www.gelifesciences.com) were eluted from a glutathioneSepharose column using 20 mM glutathione, followed by PreScissionä (GE Healthcare; http://www.gelifesciences.com) protease cleavage. The AtGRP7 moieties were further purified on an Ä KTA Explorer system (GE Healthcare; http://www.gelifesciences.com) using an HR 10/30 Superdex 75 column (Amersham Biosciences) pre-equilibrated with 20 mM NaH 2 PO 4 , pH 7.7, and 20 mM Na 2 SO 4 . The purified protein was diluted to 10 lM. CD spectra were measured using a Jasco J-815 spectropolarimeter (Jasco; http://www. jasco-europe.com), and represent the mean molar ellipticity per amino acid residue of protein after buffer correction. Data were collected at 10°C from 190 to 260 nm with 0.2 nm intervals, collecting data for 1 sec at each point. For each measurement, 10 spectra were used for accumulation.
Transgenic plants
To overexpress the AtGRP7-RQ mutant protein, RNP1 in the expression plasmid harbouring the AtGRP7 coding region under the control of the CaMV promoter with duplicated enhancer and the omega element (Heintzen et al., 1997) was replaced by RNP1-RQ using flanking restriction sites. The expression cassette was subcloned into pBin19 and transformed into Arabidopsis as described previously .
Plant growth
Arabidopsis seeds were surface-sterilized, stratified at 4°C for 2 days, germinated and grown on MS medium supplemented with 0.5% sucrose under 16 h light/8 h dark cycles at a constant temperature of 20°C. After about 10 days, seedlings of comparable size were transferred to fresh MS plates without sucrose.
Alternatively, seeds were sown on soil, stratified at 4°C for 2 days, and grown in an environmentally controlled growth room under 16 h light/8 h dark cycles at 20°C. After about10 days, seedlings of comparable size were transferred to individual pots.
RNA preparation
Total RNA for FDD, Northern blots, RT-PCR and quantitative RT-PCR was isolated as described previously (Staiger et al., 2003b) .
Fluorescent differential display
First-strand cDNA was synthesized from 2.5 lg of total RNA using the Texas Red-labelled 3¢-anchored oligo(dT) primer (5¢-Texas RedgT15-A-3; Nisshinbo; http://www.nisshinbo.co.jp) and a SuperScript pre-amplification system (Gibco BRL; http://invitrogen.com).
PCR was performed using the anchored primer and arbitrary 10-mer primers (Operon Technologies; http://www.operon.com) using one cycle of 3 min at 94°C, 5 min at 40°C and 5 min at 72°C, 24 cycles of 15 sec at 94°C, 2 min at 40°C and 1 min at 72°C, and an 5 min extension at 72°C (Kuno et al., 2000) . Electrophoresis was performed using an automated fluorescent DNA sequencer (SQ 5500, Hitachi; http://www.hitachi.com).
To recover the bands, preparative electrophoresis was performed and the bands were visualized by a fluorescent image analyser (FMBIO II Multi-View, TaKaRa; http://www.takara-bio.com). cDNAs were eluted into H 2 O by freezing and thawing, re-amplified, and subcloned into the pGEM-T vector (Promega, http://www.promega. com/).
RNA gel blot
Northern blotting and hybridization were carried out as described previously (Staiger et al., 2003b) . The gene-specific AtGRP7 and AtGRP8 probes are derived from the 5¢ UTR (Heintzen et al., 1997) . Primers for generation of the AtTLL1 and AtAILP1 probes are listed in Table S1 .
Immunoblot analysis
Protein extraction and Western blots with chemiluminescence detection were performed as described previously (Heintzen et al., 1997) .
Quantitative real-time PCR
Duplicate samples were analysed in a MJ Research opticon cycler (http://www.biorad.com). DNase I-treated RNA was reverse-transcribed, and 20 ng of retrotranscribed RNA was amplified using the Eppendorf Real MasterMix (http://www.eppendorf.com) kit for 2 min at 94°C, followed by 45 cycles of 20 sec at 94°C, 30 sec at 60°C and 40 sec at 68°C. Data were normalized to transcripts encoding eIF-4A-1 (At3g13920) or a PPR protein (At5g55840; Czechowski et al., 2005) . Expression levels in transgenic plants were normalized to WT in each experiment with respect to the reference genes. Primers are listed in Table S1 . The absence of amplification products from genomic DNA was confirmed in a non-retrotranscribed control.
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